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SUMMARY

An experimental investligation was conducted to determine the char-
acteristics of a 40° cone for use in the measurement of Mach number,
total pressure, and flow angles. The cone had a total-pressure orifice
at the apex and four equally spaced static-pressure orifices on the sur-
face. Pressure measurements were taken at angles of pitch up to 26° at
Mach numbers of 1.72, 1.95, and 2.46 for Reynolds numbers of 3.12 and
5.41 million per foot. This instrument is capable of measuring Mach
number within approximately *1.0 percent and the flow engles within
+0.25°, The total pressure can be measured within +0.5 percent at a
Mach number of 1.72 and within +2.0 percent at & Mach number of 2.k6.
These flow quantities can be determined from the measured cone pressures
and charts presented in this report. In general, an iterative proecedure
is required; however, in practice, such & procedure is necessary only
for accurate determination of the Mach number and total pressure at Mach
numbers near 2.5.

INTRODUCTION

An instrument which is capable of measuring Mach number, total
pressure, and flow angles simultaneously is of considerable value for
both flight and wind-tunnel epplications. One type of instrument suit-
able for this purpose is described in references 1, 2, and 3 and consists
of a cone with four equally spaced static-pressure orifices on the sur-
face and a total-pressure orifice at the apex. However, the existing
experimental data for such instruments are restricted to low supersonic
or subsonic Mach numbers and, in most cases, to small flow angles.
Because of the need for data over a wider range of Mach number and flow
angles on instruments of this type, the present investigation was under-
taken. The characteristics of five identicel 40° included-angle cones
were determined experimentally at Mach numbers of 1.72, 1.95, and 2.46
for angles of pitch up to 26°.
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SYMBOLS

s - Pa

surface pressure coefficient, g
i

difference in pressure coefficient between orifices

Pg, - Pg
c and a, __E_E———E (fig. 2)
1

difference in pressure coefficient between orifices

Pgg - Ps
d and b, "‘%!-———b' (fig. 2)
1

plitot pressure measured behind normal shock wave at cone
apex

total pressure ahead of normal shock wave at cone apex
Mach number ahead of normal shock wave at cone apex
static pressure on cone surface

static pressure ahead of normal shock wave at cone apex

arithmetic mean of four static pressures,

1
T (Psg* Pop + Psp * p5d>

dynemie pressure ahead of normel shock wave at cone apex
velocities in X, Y, Z directions (fig. 2)

veloclty shead of normsl shock wave at cone apex
Cartesian coordinates of body axes (fig. 2)

angle of attack, deg (fig. 2)

angle of sideslip, deg (fig. 2)

angle of downwash, deg (fig. 2)

angle of pitch of cone axis, deg (fig. 2)

angle of sidewash, deg (fig. 2)
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0] angle of roll, deg (fig. 2)

Subscripts
1 conditions shead of normal shock wave at apex of cone
2 conditions behind normal shock wave at apex of cone
a,b,c,d position of orifices on cone surface (fig. 2)
e quantity at angle of pitch
6=0 quantity at zero angle of pitch

MODELS AND APPARATUS

Wind Tunnel

The Ames 1- by 3-foot supersonic wind tunnel No. 1 is a single
return, varisble-pressure wind tunnel having a Mach number range at the
time of these tests of 1.k to 2.5, The Mach number is changed by varying
the contour of flexible plates which comprise the top and bottom walls
of the tunnel.

Models and Support

The test models were cone-cylinder combinations utilizing cones
with an included angle of 40°, The cones were constructed of stainless
steel within decimal tolerances of *0.00L inch and angulaer tolerances of
+5 minutes. There were four equally spaced static-pressure orifices on
the surface of each cone and a total-pressure orifice at each apex, The
details of the model and support are shown in figure 1. An ineluded
angle of 40° was chosen as a compromise between the following considera-
tions:

1. It is desirable to use a cone with as large an included angle
ag possible to delay flow separation to large flow angles.

2. A cone with a large included angle has a greater pressure
difference across two diametrically opposed orifices at given flow angles
than a slender cone and thus is more sensitive.

3. For flow-field surveys in wind tumnels it is desireble to mini-
mize the disturbance crested by the cone. From this consideration a
small included angle would be desirable.
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The 1lip at the entry of the total-pressure orifice wes made sharp
(0.002 inch thick) because the data of reference 4 indicate that sherp
lips extend the range of flow angles through which the piltot pressure
remains constant.

Five 40° cones were attached to a wedge-shaped strut which projected
from the side wall of the tunnel as shown in figure 1. The strut could
be pitched about an axis which passed through the station of the static-
pressure orifices of the cones, but it could not be yawed in the wind
tunnel, In order to obtain various comblnations of downwash and sidewash
relative to the cones, they were rolled about their longitudinel axes,
This arrangement also minimized any errors due to the longitudinal
pressure gradlient in the wind tunnel.

PRECISION OF THE RESULTS

The estimated uncertalnty in the experimental results at all Mach
numbers is given in the following table:

Quantity | Uncertainty
Cp £0,005
By/Py, +.003
0 +.10°
P #,10°
My +,005

For instruments of identical geometry connected to pressure-sensing
elements comparable to those used in this investigation (see uncertainties
for Cp and ﬁA/pta), the precision with which local flow quantities can be
determined by means of the procedures described in this report is estimated
to be as follows:

Precision
My = 1.72 My = 1.95 My = 2.46
My | #0.01 +0,015 +0,03
Dy, *,5% *1,0% +2,0%
€ +,25° +,25° +,25°
o +.250 +,25° +,25°
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TESTS

Tests were conducted at Mach numbers of 1.72, 1.95, and 2.4 for
two values of Reynolds number: 3.12 and 5.41 million per foot. At each
Mach number, for the lower Reynolds number, the cones were set at roll
angles from -90o to +9Oo in 10" increments and pitched through as large
an angle range as possible in both the positive and negetive directions
(see fig. 2). The maximum range at each Mach number was restricted by
interference effects from the support system. In addition, tests were
made through the angle-of-pitch renge at a roll angle of 45° for both
Reynolds numbers.

RESULTS AND DISCUSSION

A comparison of the results showed no difference from cone to cone
and no effect of Reynolds number. For this reason, the results for one
typical cone will be presented for a Reynolds number of 3.12x10% per
foot.

Charts are presented which enable the determination of Mach number,
total pressure, and flow angles. A mumericsl example is presented in
the Appendix which illustrates the procedure for determining these
quantities.

Cone Pressure Distribution

The pressure distribution on the surface of the cone is shown in
figure 3 for the three test Mach numbers and various angles of pitch.
Because the cone apex sngle is relatively large, the pressure coefficlents
over the entire surface are positive throughout the angle-of-plich range
tested except at the largest angle of pitch for M = 2.46, where & small |
region of negative pressure coefficients exists on the leeward surface.
Representative experimental results of Ffigure 3 are compared in figure L
with the pressure distributions given by the theoretical method of refer-
ences 6 and T. In the use of these references it is necessary to employ
constants tabulated in reference 5. The first-order nonlinesr theory of
reference 6 provides a reasonably good prediction of the pressures only
near the side of the come (p = 90°) but gives considerably more negative
pressure coefficilents near the top and bottom of the cone. The second-
order theory of reference 7, on the other hand, gives a good aspproxima-
tion to the variation of the pressures over the entire surface.

In reference 8 Ferri has shown that the theory of references 6 and T
is based on an incorrect distribution of entropy at the surface of the
cone, However, the results of reference 9 indicate that the numerical
effect of this error on the pressures is negligible and could not account
for the differences shown in the comparisons of figure b,
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Determination of Mach Number

The determination of Mach number by a coniecal pitot-static tube
depends on the ratio of a surface static pressure to the pitot pressure
and on the flow inclination (angles of piteh and roll). At zero angle
of pitch the Mach number can be computed from the ratio of the statile
pressure to the pitot pressure. Experimentel results for this conditilon
are shown in filgure 5. The values of the Mach number for this figure
were obtained from the measured ratio of the pitot pressure to the total
pressure Py /pt using the theoretical normal shock-wave relations.

Comparison with the theory of reference 5 shows satisfactory agreement
only near M, = 1.72.

At angles of pitch, large variations in the static pressure occur
around the circumference of the cone as previously shown 1n figure 3.
It is desirable to combine the four messured pressures on the cone sur-
face in such a manner as to provide a pressure which is essentially
invariant to changes in angle of pitch. The results of references 1 and 2,
vhich were restricted to Mech numbers near 1,60, indicate that for low
angles of pitch the arithmetic average of the four static pressures is
nearly constent. Similar results were obtalned in the present investi-
gation, Figure 6 shows the varlation of the ratio of the arithmetically
sveraged statlic pressures to the pltot pressure ﬁA/pt with piteh

angle 6. The data from test runs with geometrically similar roll angles
were averaged as, for exemple, the data for test runs with ¢ = +lO

-10°, +80° , and 80 , because the averaged static pressures would be
expected to be the same from reasons of symmetry.

In general, the procedure for determining Mech number ls first to
assume that @ = 0., A first spproximation to the Mach number is then
obtained from figure 5 for the measured value of iA/pt . The flow angles,
@ and @, are then determined by the method described 1n the section
"Determination of Flow Angles." When 9 and ¢ are known, a correction
_factor for PA/Pt is obtained fram figure 6 and an equivalent value of

p&/pt corresponding to 8 = 0 is calculated by a division of the messured

value by this correction factor. A second spproximation to the Mach number
is obtained from figure 5. 1In principle, this process is then repeated to
obtain & close approximation to the true Mach number. In practice, how-
ever, because of the small dependence of ﬁA/Pt on @ and ¢ (fig. 6),

the first approximetion is sufficient except for Mach numbers of the order
of 2.5 with 6 greater than about 10° in which case only one iteration

is normally required.

The error in measuring the Mach number with the use of figures 5
and 6 is estimated to be *0.0L at M, = 1.72, $0.015 at M; = 1.95, and
+0.03 at M, = 2.46.
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Determinstion of Total Pressure

The total pressure is s function of the pitot pressure, Mach number,
and the angle of pitch. The results of tests reported in reference & for
a wide variety of pitot tubes have shown that at zero angle of piteh the
ratio of the pitot pressure to the total pressure at any supersonic Mach
number is equal to the theoretical total-pressure ratio across a normal
shock wave, This result is assumed to apply to the cone of the present
investigation.

The effect of angle of pitch on the measured pitot pressure is shown
in figure 7., It is observed that this effect is negligible over a large
angle renge (approximately +25°) and is 1ndependent of the test Mach
numbers for angles of plteh less than 25 The total pressure at a given
Mach number, Ptqs is obtained by dividing the measured pitot pressure,

Pty by the ratio of the pitot pressure to the total pressure across a
normal shock wave, Ptz/Pt For angles above 25 the measured pltot
pressure must first be divided by the appropriete factor from the cali-
bration shown in figure 7 in order to obtain an equivalent value at @ = O,

The estimated error in measuring the total pressure Pt, depends
primarily upon the Mach number error, The percent error in measuring
the total pressure is estimated to be *0.5 percent at M, = 1.72, #1.0
percent at M; = 1.95, and +2.0 percent at M; = 2.16.

Determination of Flow Angles

The flow angles can be determined from the pressure differences
across the sets of diametrically opposed orifices. The variation of the
difference in static pressure coefficient across opposed orifices is
presented in figure 8 for the various Mach numbers. The dynemic pressure
is determined from the total pressure and the Mach number. Because of
wind-tunnel stream angle and support misaligmment, the curves do not pass
through the origin.

In order to facilitate the determination of 6 and @ from measure-
ments of (A@/ql)e and (Ap/ql)c, the results of figure 8 have been combined

in figure 9 to give plots of (/_\p/ql)e versus (A@/ql)U for various € and o.

Each curve of figure 8 was first shifted through the origin to eliminate
the effects of tunnel stream angle and support misaligmnment, Because of
symmetry, curves which represent an average of the data in the four quad-
rants are shown in one quadrant only. Information for the other quadrants,
then, can be determined from this figure provided the proper sign conven-
tion 1s used as indicated. Comparisons among Ffigures 9(a), 9(b), and 9(c)
show that the effects of Mach number are elther negligible or small. The
flow inclination in terms of € and ¢ can be calculated from 6 and @

by the following relations:
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tan €
tan o

-tan 6 cos @
tan @ sin ¢

For convenience in obtaining the quantities directly, curves are presented
in figure 10 from which these angles can be determined wlthout recourse

to the equations. The sign conventions for quadrants other than that
shown are indicated in the figure. Any correction to the Mach number
results in & corresponding change in the dynamic pressure, but only a
small correction in the flow angle is required,

The error in measuring flow angles 1s estimated to he 10.250.

In cases where this lnstrument is to be used to measure the attitude
of an aireraft in flight or in a wind tunnel, the angles of attack and
sideslip can be calculated from 6 and ¢ (fig. 9) by the following
expressions;

tan o
sin 8

tan 8 cos @
-sin @ sin @

CONCLUDING REMARKS

The characteristics of a 40° cone for measuring Mach mumber, total
pressure, and flow angles were determined experimentally., Tests were
conducted at Mach numbers of 1.T72, 1.95, and 2,46 for angles of pitech up
to 26°. This instrument is capable of measuring Mach number within approx-
imately #1.0 percent and the flow angles within iO.25°. The total pressure
can be measured within 0.5 percent at a Mach number of 1.72 and wilthin
+2,0 percent at a Mach number of 2.46, These flow quantities can be
determined from the measured cone pressures and calibration charts of this
investigation. In general an iterative procedure is required; however,
in practice, such a procedure is necessary only for accurate determination
of the Mach number and total pressure at Mach numbers near 2.5,

Ames Aeronautical ILsaboratory .
National Advisory Committee for Aeronautics
Moffett Fleld, Calif., Mar. 1, 1957
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APPENDIX
NUMERICAT EXAMPIE

The procedure used in determining the Mach number, total Pressure,
and flow direction from the measured pitot pressure and four static press-
ures on the cone surface is illustrated by the following numerical example,
The assumed pressures are:

psa = 1.10 psia
Psb = 1,20 psla-
Pg, = 3.85 psia
Psd = 2.90 psia
Pg, = 7.65 psis

The arithmetic mean of the four static pressures is

1
== + + = 2.26 sia
Pp =1 Cpsa Psb + Psc Psd) b
and the ratio of this static pressure to the pitot pressure is

Pa - 0.295
Pta

If 1% is first essumed that 6 = O, a tentative Mach number of 2.36 is
obtained from figure 5. For 6 = 0, the total pressure ratio Ptz/Ptl

is given by the theoreticsl normsl shock-wave relstions which are tsbu-
lated in reference 10, For M, = 2.36 this ratio is

and the total pressure Ptl is

(Pta)e _ T.65
Py, = (Peo/Pts) omo " 0.5572

= 13.73 psi=a

The dynamic pressure ql is given by

q, = (‘ll/Ptl)Ptl = 0.2839(13.73) = 3.90 psia
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where the quantity ql/ptl is given by the theoretlcal isentropic flow

relations also tabulated in reference 10, Dividing the pressure difference -
across both pairs of orifices by the dynamic pressure gives

o0\ Pse " Psa 3,85 - 1.10
(q c a, 3.90

0.705

(Ap _Psa " Pep _2.90 - 1.20 _ 436

q,) - q, 3.90

o

The downwash and sidewassh angles from figure 10(c) are ¢ = -16.9o and

o = 10.3°. Now, in order to correct the Mach number, the angles of pitech
end roll must be known. Fram figure 9(c) 8 = 19.6° and ¢ = 30.5°. The
correction factor from figure 6(c) is

(i)ﬁ/ptz) )

B,/p )
(A ta 0=0

The corrected value of iA/ptz corresponding to 8 = 0 1is

=1.05

ﬁA _ (:-p.A/Pta)e - 0.295

- - = 0.281
Py, (PA/Ptz)e/(PA/PtZ)ew 1.05

From figure 5 the second approximstion to the Mach number is M; = 2,48,
Using this new value of Mach number glves

Py
3—2 = 0.5071
ta

Since the angle of pltch is less than 250, the pitot pressure need not be
corrected to an equivalent value at 6 = 0. The second approximation to
the total pressure is 7.6 -
222 - 15.08 psis -

Py, = 0.5071

end the dynamic pressure is q, = 0.2599(15.08) = 3.92 psia. Since the

second determination of the dynamic pressure 1s essentially the same as
the first, the angles of pitch and roll need no correctlon. Repeated

iteration would’ be unnecessary since the correction factors of figure 6
would be unchanged. ' -
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Figure 9.—Ghart for determination of pitch and roll angles.
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Figure [0.-Chart for determination of downwash and sidewash angles.
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